Abstract-Backscattering in Ku-band (13 GHz) over continental surfaces is analyzed, with the Tropical Rainfall Measurement Mission/Precipitation Radar instruments (incidence angles from 0
MetOp (e.g., [1] and [2] ) or from QuikSCAT observations at 13 GHz (e.g., [3] ). The sensitivity of these observations to the vegetation has also triggered some analysis (e.g., [4] [5] [6] [7] ), and the complementarity to the classic visible/near-infrared Normalized Vegetation Index has been shown [8] . Arid and semiarid regions have also been studied with backscattering observations, with the estimation of the aerodynamic roughness lengths for the modeling of aerosol emission [9] , [10] .
At lower incidence angles, the Precipitation Radar (PR) on board the Tropical Rainfall Measurement Mission (TRMM) observes the Earth at 13 GHz, from nadir to 18
• , to estimate precipitation. Under rain-free condition, it also observes the surfaces, but so far, analysis of the PR measurements for surface studies has been rather limited [11] and essentially directed toward the improvement of the precipitation retrieval [12] , [13] . At nadir, altimetric missions such as Topex-Poseidon (TP) have also provided backscattering information over continents, with some interests for surface characterizations, in addition to their use for inland waters [14] [15] [16] .
Over the ocean, backscattering models have been developed to describe the interaction between the surface and the radar signal. Over land, the interaction is more complicated, with a larger spatial heterogeneity, and the complex presence of soil, vegetation, and possibly snow. Both surface and volume scatterings can be at play, and modeling simultaneously these two effects is very difficult.
The Chinese [China National Space Administration (CNSA)] and French [Centre National d'Etudes Spatiales (CNES)] space agencies will launch the Chinese-French Oceanic SATellite (CFOSAT) mission in 2014, with two microwave active instruments on board, at Ku-band (13.2-13.6 GHz). The wavescatterometer spectrometer, Surface Waves Investigation and Monitoring (SWIM), is a six-beam radar at small incidences (0
• to 10 • ) supplied by CNES. The scatterometer (SCAT) is a rotating fan-beam radar with larger incidence angles (from 18
• to 50 • ) supplied by CNSA. This combination of incidence angles will make it possible to measure both wind vector (from large incidence) and wave properties (from small incidence). The primary objective of CFOSAT is to monitor the wind and waves at the ocean surface in order to improve the forecast for marine meteorology and our understanding of the ocean surface processes. However, it will also collect information over the continents, and a secondary objective is to characterize land surfaces, particularly arid regions for better modeling and forecast of emission of mineral dust.
In the framework of the preparation for the CFOSAT mission, the objective of this study is to analyze the available backscattering measurements of continental surfaces in Kuband (13 GHz) , under a large range of incidence angles. This will help better understand the prevailing interactions between the surface and the radiation, for a possible use of the combined SWIM and SCAT observations to characterize the land surfaces, particularly in arid regions.
Existing Ku (13 GHz) backscattering observations of continental surfaces are gathered (Section II): the PR observations on board TRMM [as processed at the National Aeronautics and Space Administration (NASA)] covering incidence angles from 0
• to 18
• , QuikSCAT measurements at 46
• and 54
• incidence angles, and the TP altimeter (0 • ). All data are available over a full annual cycle, on a monthly average basis, in the ±36.25
• region covered by TRMM. The data are analyzed over the full area, first insisting on the variation of the backscattering with vegetation and incidence angles, over the year (Section III). Then, the study focuses in the arid and semiarid regions in North Africa and the Arabian Peninsula, where the spatial variability is larger regardless of the observing incidence angle (Section III), with the objective of documenting the complex interactions between the surface and the radar signals. Section IV concludes this paper.
II. AVAILABLE SATELLITE SURFACE BACKSCATTERING IN KU-BAND

A. TRMM PR
TRMM, a joint mission between NASA and the Japan Aerospace Exploration Agency, is primarily designed to monitor and study tropical rainfall [17] . TRMM platform is on a low equatorial orbit, and it observes the intertropical zone (±40 • ). It includes an active microwave instrument, the PR, an electronically scanning radar operating at 13.8 GHz in horizontal polarization for both transmission and reception (HH polarization). The PR was the first spaceborne instrument designed to provide 3-D maps of rain structure, over both land and ocean. It observes the Earth in a cross-track mode, with incidence angles up to 18
• on both sides of the nadir view to cover a swath of 250 km. It has horizontal resolution at the ground of 5 km at nadir. Under rain-free conditions, the backscattering signal corresponds to the Earth surface response. Given the scanning geometry of the PR, each location is not observed often under the same incidence angle. In order to analyze the variability of the land surface backscattering with locations and incidence angles, the normalized radar backscattering cross sections have been collected at NASA and stored with a 0.1
• spatial sampling in latitude and longitude, for 26 incidence angle ranges from 0
• to 18 • , with a 0.75 • increment. The azimuth angle is not taken into account and the left-and right-hand sides of the scan are not separated. The data are averaged from 1998 to 2009, for each month (one month will represent the 12-year average). This time averaging is necessary to have enough observations of a given location and incidence angle, at 0.1
• spatial resolution.
B. QuikSCAT Scatterometer and the TP Altimeter
For comparison purposes, we will also analyze the observations from two other instruments operating in Ku-band, the QuikSCAT scatterometer and the TP altimeter.
The NASA QuikSCAT mission, launched in 1999, includes a scatterometer (SeaWinds) observing at 13.4 GHz. The instrument uses a rotating dish antenna with two spot beams that conically sweep, with incidence angles of 46
• (HH polarization) and 54
• (VV polarization). The antenna has a 7 km × 25 km field of view, and the swath is 1800 km wide. It provides approximately 90% coverage of the Earth every day. The SeaWinds instrument is described in [18] . Its first objective is the estimation of the wind speed and direction over ocean, but a few studies analyzed the possibility to characterize land properties with these observations, particularly soil moisture and vegetation (e.g., [3] and [19] [20] [21] ). For analysis purposes, the observations are projected on a grid and monthly averaged, for each incidence angle, regardless of the azimuth angle.
TP is a joint U.S.-French radar altimeter mission initially developed to make accurate measurements of sea level [22] . Launched in 1992, TP observes the ocean and continental surfaces at nadir (0 • ) along its orbit ground track with a tenday repeat cycle. Its equatorial ground spacing is about 300 km, and its swath width only amounts to a few kilometers (∼5 km), meaning that the global coverage is limited. In this paper, observations are from the main instrument, the NASA Radar Altimeter, operating in Ku-band (13.6 GHz) and C-band (5.4 GHz).
In this paper, we use the backscattering coefficient measurements from TP, expressed in decibels, that are coming originally from the Aviso database (merged TP Geophysical Data Records [23] ), now also accessible at the Centre de Topographie des Océans et de l'Hydrosphère (http://ctoh.legos.obs-mip.fr/).
Observations from QuikSCAT and TP instruments are collected for 2000 and monthly averaged, on the same horizontal grid (equal-area grid of 0.25
• × 0.25
• at the equator). Note that there is not a full temporal coincidence with the PR data that is averaged over 12 years. First, the comparison is used to confirm the spatial structures observed with the PR at 0
• . Second, the comparisons will be essentially analyzed for the arid regions where limited interannual variability is expected. Table I summarizes the characteristics of the instruments used in this study. Fig. 1 represents the PR backscattering at 0
III. GLOBAL ANALYSIS
• and 18
• , for January and July, averaged over 1998-2009 (the color scales have the same amplitude but not the same values). In general, the backscattering tends to increase with decreasing vegetation density at 0
• , whereas it decreases at 18
• . In the absence of vegetation, scattering at the soil interface is essentially related to surface scattering, although volume scattering can occur under dry conditions when the radiation can penetrate the subsurface. The scattering at the soil interface is driven by the soil moisture and roughness. Over a smooth surface, specular reflexion will lead to strong backscattering at nadir but very limited return at larger incidence angles. This is often observed in deserts, as can be seen in Fig. 1 in North Africa, or in standing water regions like in northern India. Scattering in vegetation corresponds to volume scattering. At nadir, scattering over dense vegetation will induce a weaker radar return than over most deserts, contrarily to what happens at larger incidence angles (see the responses of the equatorial forest in Africa or Brazil). The response at 0 • shows more spatial variability than at 18
• . It also presents more temporal variability at monthly time scale (not shown). This is only partly due to the mean number of observations per pixel being twice smaller at 0
• than at the other angles, because of the symmetry of the scan around nadir. There are averages of ∼18 observations per pixel at nadir and ∼36 for the other angles, at 0.1
• spatial resolution, for each month. These numbers are rather low despite the 12-year average (this actually justifies the 12-year average). The mean temporal variance values (averaged over space and time) are ∼4.5 dB at nadir and ∼1.1 dB for large angles. Note nevertheless that, despite similar numbers of observations for all angles except nadir, there is a small smooth decrease of the temporal variance with angles between 0.75
• (∼2.8 dB) and the large angles (∼1.1 dB), related to the larger variability of the surface responses for low incidence angles. In Fig. 1 , the seasonal changes between January and July appear clearer at 18
• than at nadir. The scattering in the transition zone between the North African desert and the equatorial forest increases from January to July, related to the vegetation increase. No significant change is observable at nadir, partly due to the larger noise. However, an increase in the backscattering can be observed at nadir with the presence of standing water. The backscattering at 0
• is much larger in South America in the Orinoco Basin or around the Parana in July when the wetlands are inundated than in January. This is not clearly observed at 18
• . That was already mentioned and studied at larger incidence angles [8] .
Azimuthal variations of the signal have been observed over land, over different surface types such as desert (e.g., [24] and [25] ) or ice sheet [26] . Regions with predominant surface slopes at large scale (on the order of the satellite field of view), such as mountainous regions or ice sheets, can generate azimuthal asymmetry. In addition, for structures with predominant orientation and comparable in size with the wavelength, the backscattered signal can be subjected to constructive interference, through the resonant Bragg scattering. The authors in [25] analyzed and modeled the different mechanisms that can generate azimuthal asymmetry, in order to normalize the backscatter for use in soil moisture retrieval algorithms. The authors [24] carefully examined the backscatter signal from ergs (sand dunes) in the Sahara and concluded that the azimuthal information can help identify the dune direction and, as a consequence, the dominant wind direction. In this paper, the backscattering data have been systematically averaged over time regardless of the azimuth angle, limiting this modulation effect.
The different instruments emit and receive in the same polarizations (HH for TRMM, HH at 46
• , and VV at 54
• for Quik-SCAT, TP observing at nadir; H and V are equivalent). Both surface and volume scatterings can depolarize the signal. Comparisons of 46
• HH and 54
• VV signals do not show obvious differences at the spatial scales of the QuikSCAT instrument.
The angular dependence of the backscattering coefficient is presented in Fig. 2 , for different vegetation types. The vegetation classification from [27] is chosen here, along with the corresponding land use data set: It has been regrouped into ten classes [8] . Close to nadir, large angular dependences are observed for all surface types. For larger angles, the angular dependence decreases with increasing vegetation. There is a limited angle dependence for tropical forest, for angles larger than 3
• , whereas for deserts, the backscattering coefficient strongly decreases with angles. The standard deviation is also indicated in Fig. 2 , and it confirms that, at nadir, the variability of the backscattering decreases for larger incidence angles. Around 
11
• , all curves intersect. A small discontinuity is evidenced in the angular dependence also around 11
• : It is explained by an instrument artifact in [13] . Fig. 3 shows the seasonal variation of the backscattering coefficients, for three surface types and three incidence angles, for the Northern Hemisphere between 0
• and 40
• N. As expected, the seasonal change is more pronounced for grassland. It appears larger for smaller angles but with a much larger variability (in the dashed line in Fig. 3 ) for small angles (not only in space but also in time).
An unsupervised classification has been applied to the TRMM backscattering observations (all 25 angles) to assess the potential of this type of measurement for vegetation classification. A preliminary exploration is provided here. A Kohonen classification [28] is adopted as it provides a neighboring requirement on the clusters, making their interpretation easier [8] . Fig. 4 shows the results for ten clusters, for July. The first clusters are representative of the arid regions, whereas the last ones characterize the dense vegetation. The spatial structure of the classification is consistent with the expectations, with the same class present in the regions where the same surface types are present. For instance, the transition zones from arid to dense vegetation are also well represented in Africa, from the north to the south. Some confusions in the classification appear between semiarid regions and likely wet areas such as the Orinoco Basin in Venezuela or the Bangal Delta in Bangladesh (class 3). Adding clusters to the classification would help solve these ambiguities. Fig. 5 presents the center of the clusters for each class, for different incidence angles. For each incidence angle, the evolution of the backscattering as a function of the Fig. 4 . Surface classification using all backscattering angles from PR for July. Fig. 5 . Values of the PR backscattering (in decibels) for the centers for each cluster (see Fig. 4 ), for four incidence angles, as provided by the unsupervised classification.
cluster is different: The classification scheme benefits from the complementary information to define the clusters.
As a conclusion, the backscattering information at multiple angles can provide information on the surface types and can be exploited to classify the vegetation. This information can complement the analysis provided by other wavelength ranges, such as the Normalized Vegetation Index provided by visible and near-infrared observations [8] .
IV. ANALYSIS OF ARID SURFACES
As seen in the previous section, a very large spatial variability of the backscattering coefficient is observed over arid regions for all incidence angles. Fig. 6 zooms on the backscattering signatures over North Africa and the Arabian Peninsula, for three TRMM/PR incidence angles (0 • , 9.75 • , and 18 • ), for July. TP (0 • incidence angle) and QuikSCAT (54 • incidence angle) responses are also presented, over the same area for the same month (Fig. 6) . The TP altimeter has a limited coverage, as expected from its narrow and fixed swath. Regardless of the instrument and incidence angle, we verified that the observed spatial structures are rather stable with time, in the arid regions. However, they can vary in semiarid areas that can be subject to soil moisture or vegetation changes, such as the region south of 15
• N. To help the interpretation of the backscattering coefficients, Fig. 7 presents the topography in the region, as well as the map of the "sand dunes and shifting sand" of the Food and Agriculture Organization [29] .
For large incidence angles (PR at 18
• and QuikSCAT at 54 • ), the spatial structures are very similar with a spatial correlation coefficient of 0.85. For the two observation sources for large incidence angles, the sand deserts (for instance, in Lybia or Saudi Arabia) are related to low-backscattering coefficients. The conjunction of two effects can contribute to these signatures. First, surface reflection on a flat desert surface observed with a significant angle of incidence will likely produce low backscattering. Second, volume scattering in a very dry medium such as dry sand can also yield low backscattering. The mountainous regions (the Atlas in Morocco, the Tibesti in Chad, or the Jabal al Hijaz in Saudi Arabia) correspond to higher backscattering coefficient, due to the large-scale roughness associated to the orography.
The spatial structures observed with the PR at 0 • and with the TP altimeter (also at nadir) are very consistent, even in areas where a large spatial variability is observed. Note, for instance, the regions between 15
• E and 0 • and between 17
• N and 22
• N, where the PR and TP 0 • backscatters change from 2 to 18 dB (the same for the sand desert south of Saudi Arabia). The spatial correlation coefficient between the two data sources is 0.67. This is rather low, but this is expected considering the large noise associated to the backscattering at 0
• . At nadir, large backscatters are associated to flat surfaces, whereas smaller backscatters can be due to surface scattering (rough surfaces) or/and to volume scattering (dry surfaces). Sensitivity of the backscatter to soil moisture at nadir has also been evidenced in arid and semiarid regions [30] [31] [32] .
The normalized histograms of the backscatters are presented for the North Africa and the Arabian Peninsula, separating the FAO "sand dunes and shifting sands" from the other surfaces, for PR at 0
• , for TP at 0 • , and for QuikSCAT at 54
• (Fig. 8) . Only the areas covered by all three instruments are considered so that statistics can be compared. At 0 • incidence angle, for both PR and TP, the histograms for the sandy areas and for the rest of the region are rather broad and overlap significantly, despite the ∼5-dB difference in the maximum of the distribution. The lower backscattering for the sand dunes is likely related to volume scattering in the dry sand. For the larger incidence angles, the histograms of the two surface types are better separated; the larger the incidence angle, the larger the distance between the two histograms, as expected from the combined effect of more specularity and higher volume scattering in sand dunes. Fig. 9 shows two transects in longitude over the North African desert, one at 10
• W (top), the other one at 17.5
• E (bottom). It clearly shows that the spatial structures observed at nadir with the PR and TP are very consistent. It also confirms the very good correspondence between the PR observations at 18
• and the QuikSCAT observations. Note that the 46
• observations show limited differences, despite the difference in polarizations (HH and VV, respectively) in addition to the difference in angle. The variations of the backscattering at 0 • , although very consistent for the PR and TP, are difficult to interpret, except in the mountainous regions (e.g., the Tibesti around 22
• N on the transect at 17.5
• E) where the backscattering coefficients are all very similar, regardless of the incidence angle. In nonmountainous regions, the signal at 0
• can show significant changes without any obvious variations in the other observations, nor with evident changes in the surface properties. The difference between the C-band (5 GHz) and Ku-band (13 GHz) for TP is also presented (middle panel). This difference is expected to be related to changes in penetration in the medium; the higher the differences, the larger the volume scattering [14] . However, no clear signals are observed here, likely due to the rather large noise of the backscattering at nadir.
The region north of the Tibesti, the Sarir Tibasti around 17.5
• E and 25
• N, is typical of high PR backscatter at 0 • and low PR backscatter at 18
• (see Figs. 6 and 9) . Note that the region with the larger PR backscatter at 0
• does not correspond to sand dunes or shifting sands, as described by the FAO (see Figs. 7 and 9 ). It is a very flat region where microwaves cannot penetrate. Its flatness yields high backscattering at 0
• and low one for large incidence angles. Because of its hard surface, there is limited volume scattering that could lower the backscattering, particularly observable at 0
• . On the contrary, the sandy deserts, such as the Ar Rub'al Khali south of Saudi Arabia (around 52
• E and 22
• N) or El Djouf in Mauritania (around 10
• W and 20
• N), show rather low PR backscatter at 0
• , for low PR backscatter at 18
• (see Figs. 6 and 9 ). These regions are flat and covered by sand dunes and shifting sands, as described by the FAO. Volume scattering in the dry sand decreases the backscattering. This is easier to observe at 0
• incidence angle, where the backscattering over a flat surface should be high.
For low PR backscatters at 18
• , the PR backscatters at 0 • can show a large range of variations, with two distinct behaviors, one with rather high values and the other with low values. This is confirmed by the histograms (Fig. 10 ) of the PR backscatter at 0
• for PR backscatter at 18
• lower than −12 dB, which show two peaks, the left one for dominant volume scattering and the right one with limited volume scattering. CFOSAT will be equipped with two active microwave instruments, one with low observing angles between 0
• and 10
• and the other one with incidence angles up to 50
• . To illustrate the complementarity of the two instruments for the analysis of arid surfaces, Fig. 11 shows the PR backscattering at 0
• only for the regions with QuikSCAT backscattering at 54
• below −18 dB. A very large variability is observed at 0
• . All these regions have low backscattering at 54
• because they are flat and/or because they generate high volume scattering. The information provided by the nadir observations helps diagnose the dominant effect. The areas where the backscattering at 0
• is also very low correspond to very dry sand, where volume scattering is important (below 20 • N and between 10 • W and 5
• W for instance). On the contrary, the areas where the backscattering at 0
• is high are flat regions with very limited volume scattering, i.e., regions that are likely to produce less mineral dust (the region around 23
• N and 0 • for instance). The aeolian aerodynamic roughness lengths are the heights above a surface at which the wind profile is assumed to be zero. They are derived from measurements of the wind profile. In arid regions, it has already been estimated from scatterometer data [9] , [10] , based on spatially coincident satellite observations and in situ estimates. The same in situ measurements, derived from wind profiles and from geomorphologic analyses, are used here to assess the potential of the satellite Ku observations at different incidence angles to estimate the roughness lengths (see [10] for a detailed description of the in situ measurements). Fig. 12 presents the satellite backscattering for different incidence angles (for July), as a function of the in situ aerodynamic roughness length (logarithmic scale). For large incidence angles (PR at 18
• or QuikSCAT at 54 • ), the backscattering clearly increases with increasing roughness length. The log linear relationships have been calculated, and they explain respectively 57% and 78% of the variance of the backscattering for PR at 18
• and QuikSCAT at 54
• . These regressions could be used to estimate the roughness length from the backscattering at these incidence angles. However, at low incidence angles, no relationship can be established between the backscattering and the roughness length. The signal variability is not dominated by this factor.
V. CONCLUSION
Backscattering in Ku-band (13 GHz) over continental surfaces has been examined, with the TRMM/PR instruments (incidence angles from 0
• to 18 • ), along with observations from the TP altimeter and the QuikSCAT scatterometer (incidence angles around 50
• ). The signals from the three instruments are very consistent, with the responses at 0
• from PR and TP being very close and the responses from QuikSCAT at ∼50
• and from PR at 18
• being compatible with the changes in incidence angles. The backscattering tends to decrease with increasing vegetation density, as expected, making it possible to classify vegetation density with active microwaves. Over the northern African desert, a very large spatial variability of the backscattering is observed, which is not easy to relate to surface characteristics. Both surface and volume scatterings contribute to the observed signals. With high incidence angle only, it is not possible to discriminate the two effects that have similar signatures (low backscattering). Observations at nadir (0
• incidence angle) make it possible to separate the two effects. The use of multiangle observations does help characterize the desert types, but in some areas, the ambiguity of the signals is not yet resolved. The CFOSAT mission will carry two active microwave instruments with a large range of incidence angles, from 0
• to 50
• . Previous studies have shown the interest of the backscattering with incidence angles above ∼20
• for the characterization of arid surfaces. Information has been obtained on the aerodynamic roughness length in arid regions, with significant impact on the aerosol modeling [9] , [33] . Our study shows that the combined use of observations at low and high incidence angles adds information on the desert types. Large loads of mineral aerosols from deserts regularly affect the atmosphere in China. With the PR, the largest deserts in China could not be explored, due to the limit of the tropical coverage. The CFOSAT mission will contribute to the monitoring of the sand deserts in Asia, for a better understanding of the mineral aerosol effects and the prediction of the sandstorms.
Note that this study can also contribute to the interpretation of planetary observations, such as the measurements in both active and passive modes obtained from the Cassini mission over Titan, Saturn's largest satellite, where sand deserts have also been detected with microwave observations [34] .
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